Experimental data show that the adsorbent-catalyst CuO/NaX is hydrophilic with a similar water vapour adsorption capacity and adsorption rate to zeolite NaX. Equilibrium parameters were best described by a Freundlich-like equation. BET studies and Kelvin equation calculations confirmed that, at an ambient relative humidity of 37% or higher, water vapour condensation will occur in the prevailing 2.0-2.3 nm pores of the adsorbent-catalyst CuO/NaX. The kinetic parameters for the adsorption of water vapour are presented.
INTRODUCTION
Zeolites are promising catalyst carriers. Various cationic forms of zeolite catalysts are used in organic and inorganic reactions for cracking, hydrocracking, hydration, dehydration, oxidation and other purposes (Armor 1998; Davis 1991; Usui et al. 2004 ). In the main, zeolite catalysts are complex composites consisting of two or more components to ensure both good physical and catalytic properties.
Zeolite catalysts can be used for the catalytic oxidation of volatile organic compounds (VOCs). Commonly, platinum group elements or transition metal oxides are used as active components because their surfaces are capable of concentrating oxygen radicals (Spivey 1987; Garetto et al. 2007; Law et al. 2003) . At lower VOC concentrations, a more effective complex method for their removal can be employed, viz. the sorptive-catalytic method (Guillemot et al. 2007; Greene et al. 1996; Baek et al. 2004) .
The sandwich-type CuO/NaX adsorbent-catalyst, consisting of two components, can be used in this process (Brazlauskas and Kitrys 2008) : the adsorptive segment consists of NaX zeolite with a 1 mm thick CuO catalytic segment dispersed on the outer parts of the pellets. Such a catalyst shows high reactivity in methanol, 1-propanol and 1-butanol total oxidation reactions at 220-250 ºC.
In the studies reported herein, humid air/VOC mixtures employing a composition similar to industrial gaseous emissions have been used. It is known (Llano-Restrepo and Mosquera 2009; Farrell et al. 2003; Dawoud et al. 2007; Guillemot et al. 2008; Caputo et al. 2007 ) that water vapour affects both the adsorption of VOCs and total oxidation reactions on the surfaces of the catalysts. Various phenomena, such as competitive adsorbate adsorption on the active centres, condensation and others, may occur. In addition, the water vapour adsorbate may serve as a protection against carbon deposition on the catalyst surface.
For this reason, we have determined the kinetic and equilibrium parameters for water vapour adsorption onto the surface of the sandwich-type catalyst CuO/NaX. In addition, BET studies of the specific surface area were performed and a prognosis of the mechanism of water vapour adsorption is given.
EXPERIMENTAL
The adsorbent-catalyst CuO/NaX was prepared by the method described in detail by Brazlauskas and Kitrys (2008) . Zeolite NaX was heated in a nitrogen environment at 350 ºC and then soaked in a 50 g/ᐉ copper(II) nitrate solution for 2 h. After removal of the excess solution, the resulting sandwich-type catalyst was dried for 1 h and then heated for 6 h at 450 ºC. The catalyst prepared under such conditions possessed a coating of CuO whose thickness was ca. 1.0 mm.
The amount of copper in the catalyst and in the solutions was measured using a Perkin-Elmer AAnalyst 400 atomic absorption spectrometer. The results showed that the sandwich-type CuO/NaX catalyst incorporated 9.6% CuO.
The amount of water vapour adsorbed onto the surface of the adsorbent was determined by measuring the overall mass increase with time. For this purpose, sulphuric acid solutions were employed, since a constant partial water vapour pressure may be maintained over such solutions at ambient temperature and pressure. The partial water vapour pressure obtained depends on the concentration of the sulphuric acid solutions employed. Thermogravimetric analysis and differential scanning calorimetry were performed using a Netzsch STA 409 PC Luxx instrument under a nitrogen flow. For such experiments, a sample size of 28.8 mg CuO/NaX was used and heated at a rate of 10 ºC/min from 30 ºC up to 300 ºC.
Measurements of the specific surface area of the adsorbent were performed by the BET method employing COSTECH Sorptometer Kelvin 1042 and Quantachrome Quantasorb Analyzer instruments. The data were collected under dynamic conditions in a N 2 /He gas stream, measuring the variation in the amount of nitrogen adsorbed on the adsorbent-catalyst surface with the relative pressure P/P 0 at -196 ºC. The following BET equation was used:
(1) where P is the partial pressure of the adsorptive, P 0 is the saturated vapour pressure of the adsorptive, X is the quantity of adsorbed substance per unit weight of adsorbent, X m is the amount of substance adsorbed in the monolayer and C is a BET constant depending on the adsorption energy of the monolayer. If the BET equation is obeyed, plots of 1/[X(P 0 /P -1)] versus P/P 0 should be linear. The slope of the line (S) is equal to (C -1)/(X m C) while its intercept (I) is 1/(X m C). These relationships have been used to determine X m and C, since X m = 1/(S + I) and C = 1/(IX m ).
The BET equation is linear over the P/P 0 range between 0.05 and 0.35. The total surface area of the sample was calculated via the following equation:
(2)
where N is Avogadro's constant (6.023 × 10 23 ), A ad is the cross-sectional area (m 2 ) of the adsorbate molecule (for nitrogen, A ad = 16.2 × 10 -20 m 2 ) and M a is the molecular mass of the adsorbate (g).
The specific surface area (m 2 /g) was calculated using the equation: where m is the mass of the sample (g). Qualitative characterization of the pore parameters of the zeolite was achieved via BJH analysis.
RESULTS AND DISCUSSION

Water vapour adsorption equilibrium parameters
Humid air was used during the experimental runs, thereby allowing the adsorption of water vapour in the fine pores of CuO/NaX and the parent zeolite NaX. After 180 min at 25 ºC, it was assumed that samples of both adsorbents were fully saturated with water vapour. The experimental results obtained showed that the adsorptive behaviour of the catalyst CuO/NaX was similar to that of zeolite NaX; however, CuO/NaX exhibited a smaller adsorption capacity than NaX. This decrease was not large and varied between 10% and 15%, depending on the experimental conditions. The adsorption isotherms ( Figure 1 ) confirm that the adsorbent-catalyst CuO/NaX and zeolite NaX were both hydrophilic materials.
In order to describe the isotherms obtained, the following adsorption models were used: Langmuir, Freundlich-like, Sips and Dubinin-Radushkevich, where P and P 0 are the partial and saturated water vapour pressures (mmHg), respectively, at the adsorption temperature; A, B, b, n, W and E are empirical constants in their respective equations; ΣX H 2 O is the amount of water vapour adsorbed at equilibrium (mmol/g); X m is the amount of water vapour adsorbed at saturation under the experimental conditions employed (mmol/g); Θ is the surface coverage; and R is the universal gas constant [J/(mol K)].
The experimental data obtained over the entire P/P 0 range was best fitted by the Freundlich-like and Langmuir models, since the coefficients for both equations were constant over this range. In addition, the coefficients of determination (R 2 ) for both models were acceptable, being 0.99 and 0.96 respectively. The Sips and Dubinin-Radushkevich adsorption models failed to describe the adsorption process successfully because the coefficients of both equations were only constant over narrow P/P 0 ranges, while the coefficients of determination for these models appeared to be significantly lower. The Freundlich-like and Langmuir model equations gave straight lines when plotted in P/P 0 ΣX H 2 O versus P/P 0 coordinates and in ln(ΣX H 2 O /X m ) versus ln(P/P 0 ) coordinates, respectively. The empirical constant A employed in the Freundlich-like equation is regarded as being related to the adsorption rate, while the constant B approximates to the kinetic order of a specific process. On the basis of the results obtained for water vapour adsorption, it was reasonable to assume that condensation of the adsorbate occurred in the 2.0-2.3 nm diameter pores of CuO/NaX and NaX at 25 ºC. This was confirmed by the sharp increase in ΣX H 2 O up to 2.0 mmol/g at low P/P 0 values. The Freundlich equation is based on the assumption that the chemisorption or physisorption of the adsorbate is influenced by secondary processes (adsorbate condensation, association, weak interaction with adsorbent, etc.). In contrast, the Langmuir equation, viz. X/X m = b(P/P 0 )/[1 + b(P/P 0 )] is only suitable for the description of physisorption processes. As the coefficient of determination obtained in the present work showed, the Freundlich-like model provided the better description of the adsorption process.
On increasing the temperature, the amount of water vapour adsorbed onto the adsorbent-catalyst CuO/NaX slowly decreased. Extrapolation of this dependency indicated that hypothetically the surface of the adsorbent-catalyst CuO/NaX would cease to adsorb water vapour at 180 ºC. This assumption was supported by DSC analysis (Figure 2) . Thus, the DSC curve for the adsorbent-catalyst CuO/NaX saturated with water vapour showed an endothermic effect associated with water vapour desorption. Three peaks may be observed on this curve, each corresponding to different forms of water on the surface of the adsorbent-catalyst. The first peak may be ascribed to vaporization of condensed water present as humidity. The second peak corresponds to the desorption of water physisorbed onto the surface of the adsorbent-catalyst CuO/NaX. The last peak can be attributed to water whose interaction with the surface could be similar to chemisorption.
Kinetic parameters of water vapour adsorption
Data from the kinetic curves (Figures 3 and 4 ) were used to calculate the kinetic parameters for the adsorption of water vapour onto the adsorbent-catalyst CuO/NaX and zeolite NaX. In order to compare these parameters, we calculated adsorption rates at the same adsorption time and under identical experiment conditions, with P/P 0 being 0.16, 0.37 and 0.56 for CuO/NaX and 0.004, 0.16, 0.37, 0.56, 0.87 and 1.00 for NaX at 25 ºC. The adsorption rates were calculated from the kinetic curves using the method of differentiation when the coverage was the same (i.e. when 30% of the Knowing the values of the adsorption rates, it is possible to determine their dependence on the partial water vapour pressure (concentration). The calculated adsorption rates are listed in Table 2 . The following equation was used to calculate the adsorption rates:
where w ads is the adsorption rate, k ads is the adsorption rate constant, n ads is the adsorption order and C H 2 O (mmol/m 2 ) is the water vapour concentration. This adsorption rate equation should yield a straight line when plotted as ln w ads versus ln C H 2 O , allowing the kinetic parameters to be obtained from the logarithmic equation:
ln w ads = ln k ads + n ads ln C H 2 O
The kinetic parameters for water vapour adsorption thus calculated are listed in Table 3 . The data listed in Table 3 indicate, that when conditions similar to ambient were employed, the kinetic parameters for water vapour adsorption onto the adsorbent-catalyst CuO/NaX and the zeolite NaX were almost equal. In both cases, the kinetic orders were close to unity (ca. 0.78), with Brunauer, Emmett and Teller. Such isotherms possess a characteristic horizontal section when the nitrogen relative pressure P/P 0 is in the range 0.2-0.8. Hysteresis is not observed because of the coincidence of the adsorption and desorption curves. Such isotherms are typical of non-porous substances and substances whose surfaces consist of narrow cylindrical capillaries (aluminas, zeolites, etc.). In such cases, the quantity of adsorbed nitrogen (V ads ) increases over the relative pressure range 0-0.1 and then rises slowly up to P/P 0 = 0.2 ( Figure 5 and Table 4 ). After this stage, the amount of nitrogen adsorbed increased only slightly. This indicates that, over this range (P/P 0 = 0.2-0.8), almost all the pores in CuO/NaX and NaX were filled with liquid nitrogen. For mesopores (pore diameters 1.5-50.0 nm), this effect occurs when P/P 0 > 0.98. Under such conditions, the volume of liquid nitrogen in the pores can be used to determine the total pore volume of the adsorbent. In addition, if complete adsorbate condensation occurs, the results of such pore volume calculations are not greatly dependent on the nature of the adsorbate (the socalled Gurevich effect). The nitrogen adsorption isotherms for CuO/NaX and NaX may be used for two purposes:
1.
To calculate the specific surface area at P/P 0 = 0.05-0.2. This is a narrower range of P/P 0 values to perform calculations over than normally employed for mesoporous materials (P/P 0 = 0.05-0.35). This is because the use of Type I isotherms over the relative pressure range 0.05-0.35 usually results in inaccurate data due to the condensation of nitrogen.
2.
To allow the calculation of the pore volume and average pore diameter using the Gurevich effect. Pore saturation with liquid nitrogen was observed for CuO/NaX and NaX over the relative pressure range 0.2-0.9.
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Surface parameters of CuO/NaX and their influence on water vapour adsorption
The specific surface parameters of the adsorbent-catalyst CuO/NaX and the parent zeolite NaX were calculated from the corresponding nitrogen adsorption isotherms measured at -196 ºC ( Figure 5 ). The isotherms obtained may be described as being of Type I in the classification of The calculated parameters for the specific surface areas (S BET ) of the adsorbent-catalyst CuO/NaX and the parent zeolite NaX are depicted in Figure 6 and listed in Table 5 . The straight lines in Figure 6 derived from plots of P/P 0 versus 1/X ads (P 0 /P -1) had coefficients of determination, R 2 , equal to 0.998, thereby indicating that the appropriate methods had been employed for the calculations.
The empirical constant C BET [equation (6)] characterizes the measurement region for which the corresponding values for CuO/NaX and NaX were 78.2 and 81.0, respectively:
where λ 1 is the heat of formation of the first adsorbate monolayer while λ 2 is the heat of formation of the second adsorbate monolayer. It is well known that reliable measurements of S BET are obtained only when C BET is between 50 and 250. Smaller values for this constant would indicate that the adsorbate had condensed in the pores, making the calculated value of S BET greater than the actual value. In contrast, when C BET is higher than 250, it may be assumed that a chemical reaction has occurred between the adsorbent surface and the adsorbate without the formation of a monolayer. In the present case, the calculated C BET values indicate that the specific surface area measurements for CuO/NaX and NaX were made near the region of nitrogen condensation in the pores at -196 ºC. The corresponding values of S BET for the adsorbent-catalyst CuO/NaX and zeolite NaX were 520.8 m 2 /g and 483.3 m 2 /g, respectively.
Calculations of the pore volume and the predominant pore diameter were made employing the BJH equation: where V p is the pore volume (cm 3 /g); V sk is the volume of liquid nitrogen in the pores (cm 3 /g); r p and r K are the actual and Kelvin pore radii, respectively, in nm; and ∆t is a correction introduced to account for the variation in thickness of the polymolecular layer of nitrogen, as calculated by the BJH equation. Hence, the actual pore radius is r p = r K + t. The Kelvin pore radius, r K , for narrow cylindrical capillaries can be calculated via the equation:
where P and P 0 are the relative and saturated vapour pressures of the adsorptive (mmHg); γ is the surface tension of the liquid adsorptive (N 2 ) at -196 ºC (J/cm 2 ) (γ = 8.85 J/cm 2 ); V m is the molar volume of the liquid adsorptive (N 2 ) (cm 3 /mol) (34.7 cm 3 /mol); Θ is the surface wetting angle of the adsorbate (usually cos Θ = 1); R is the universal gas constant [8.134 × 10 7 J/(mol K)]; while T is the boiling point of liquid N 2 (T = -196 ºC). When N 2 is used as an adsorbate, equation (8) becomes:
In equation (7), A is the value of the pore surface area (m 2 /g) calculated for pore filling with adsorbate over different P/P 0 ranges. The volume of liquid nitrogen, V sk , is determined from measurements of the volume of gaseous nitrogen released (V d ). At -196 ºC, when nitrogen is used as the adsorbate, V d and V sk are linked by the relationship V sk = V d (1.54 × 10 -3 ) (cm 3 ). During the full condensation of the adsorbate into the pores, the assumptions made are that ∆tΣA ≈ 0 and that r p approaches r K , making V sk ≈ V p . Under these circumstances, the mean cylindrical pore radius would be equal to r p = 2V p /ΣA × 10 3 and d p = 2rp (nm). The values of the pore volume and the mean pore diameter for CuO/NaX and NaX are presented in Table 6 .
The results of the pore volume and pore diameter calculations indicate that the inner surface of the adsorbent-catalyst CuO/NaX and the parent zeolite NaX consisted of fine pore capillaries having a diameter in the range 2.0-2.3 nm.
Water vapour condensation in pores can be described by the Kelvin equation [equation (8)], the following values being suitable for water vapour: the surface tension of water adsorbate, γ = 71.97 J/cm 2 (at 25 ºC) and the molar volume of liquid water, V m = 18 cm 3 /mol. It is possible to calculate the relative humidity at which water vapour adsorption can occur in adsorbent pores. Since the adsorbents used in the present work contained pores with an average diameter of 2.1 nm, they would be filled with water vapour condensate at an ambient relative humidity of 37% or higher Figure 7) . Hence, water vapour adsorption would have an influence on the adsorption of VOC from humid gases, since the vapour condensation in the pores would facilitate subsequent VOC absorption in this condensate. Thus, the time necessary for adsorption saturation would increase while the desorption of volatile organic compounds would decrease. 
CONCLUSIONS
The adsorbent-catalyst CuO/NaX and the zeolite NaX studied in the present work were hydrophilic materials with similar adsorption capacities. The possibility of water vapour condensation in the pores of these materials was confirmed by mathematical analysis of the corresponding water vapour adsorption isotherms. A Freundlich-like equation was found to give the best fit to the experimental data, thereby indicating the possibility of physisorption influenced by secondary processes (condensation of adsorbate, association, weak interaction with adsorbent). The kinetic parameters for adsorption onto the adsorbent-catalyst CuO/NaX and the zeolite NaX were also almost equal, with both adsorption orders being close to unity although NaX was characterized by a higher adsorption rate constant. BET studies showed that both the adsorbent-catalyst and the zeolite NaX contained pores with an average diameter of 2.1 nm which, according to the Kelvin equation, would be filled with water vapour condensate at an ambient relative humidity of 37% or higher. This phenomenon could influence the adsorption of VOCs in the pores, because the water vapour condensate therein would facilitate any subsequent VOC absorption in this condensate. This means that the time necessary for adsorption saturation would increase, while that necessary for the desorption of volatile organic compounds would decrease.
